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Raman scattering has been employed to investigate lattice and magnetic excitations of the honey-
comb Kitaev material α-RuCl3 and its Heisenberg counterpart CrCl3. Our phonon Raman spectra
give evidence for a first-order structural transition from a monoclinic to a rhombohedral structure
for both compounds. Significantly, only α-RuCl3 features a large thermal hysteresis, consistent with
the formation of a wide phase of coexistence. In the related temperature interval of 70− 170 K, we
observe a hysteretic behavior of magnetic excitations as well. The stronger magnetic response in the
rhombohedral compared to the monoclinic phase evidences a coupling between the crystallographic
structure and low-energy magnetic response. Our results demonstrate that the Kitaev magnetism
concomitant with fractionalized excitations is susceptible to small variations of bonding geometry.
I. INTRODUCTION
The search for quantum spin liquids is one of the
celebrated topics of current condensed matter physics.
Quantum spin liquids are topologically ordered phases,
in which many-body spins are long-range entangled and
evade all types of symmetry breaking even for temper-
atures down to T = 0 K1. These phases feature exotic
low-energy excitations including chargeless spinons emer-
gent from spin fractionalization. The exactly solvable
Kitaev model on the honeycomb lattice is a particularly
appealing system as it harbors topological spin liquids
and fractional quasiparticles, composed of itinerant Ma-
jorana fermion and localized flux2–5.
Jackeli and Khaliullin6 have provided the material re-
quirements for realizing Kitaev interactions: strong spin-
orbit coupled Mott insulators with an edge-sharing octa-
hedral environment where partially filled t2g orbitals are
coupled via two 90◦ superexchange paths6,7. To date,
only a handful of candidates are known to fulfill these
criteria: the harmonic-honeycomb iridates α-, β-, and γ-
Li2IrO3
8–13 and the 4d5 ruthenate α-RuCl3
14–27. All
these materials, however, exhibit long-range magnetic or-
dering, preempting a spin liquid state due to the presence
of residual Heisenberg, off-diagonal, and longer-range in-
teractions. Despite its magnetic ordering, the existence
of Majorana quasiparticles was inferred from a broad
continuum of excitations observed in inelastic light and
neutron scattering measurements of α-RuCl3
19–23. Fur-
thermore, thermal conductivity and specific heat studies
show a release of magnetic entropy and a coherent heat
transport of itinerant quasiparticles at about 100 K, be-
ing consistent with the theoretical prediction for itinerant
Majorana fermions28.
Notably, α-RuCl3 exhibits a strong variation in mag-
netic transition temperatures ranging from TN = 7−16 K
and in the number of the magnetic transitions, depending
on synthesis conditions, sample quality and mechanical
strain exerted on the samples. The observed multiple
magnetic transitions are ascribed to different types of
stacking faults between the weakly coupled honeycomb
layers induced by van der Waals interaction21. The ex-
treme sensitivity of TN to the stacking of the layers sug-
gests that the interlayer magnetic interactions rely on the
stacking pattern. Nonetheless, the relation between the
structural and magnetic subsystems is not particularly
well understood. However, it could be a cornerstone in
the understanding and interpretation of certain material
properties.
At room temperature α-RuCl3 has a monoclinic C2/m
structure14–16,18,29–31. On the other hand, three different
low-T structures have been controversially reported: the
monoclinic C2/m, the trigonal P3112, and the rhombo-
hedral R3¯ structure. These structures differ in the stack-
ing sequence of the honeycomb layers and in the relative
displacement of neighboring layers and, importantly, in
the bond distances and angles. Near the 90◦ bond geom-
etry, the strength of Kitaev and Heisenberg interactions
depend strongly on the Ru-Cl-Ru bond angles27. The en-
ergy differences between these structures are very small
and the experimental structural analysis is often ham-
pered by the stacking faults24,29. It is remarkable that
certain samples show a first-order structural phase tran-
sition to a low-temperature rhombohedral structure16,31.
Presently experiments on single layer materials are still
rather rare17.
As such, the comparison between α-RuCl3 and its
sister compound CrCl3 will shed light on investigat-
ing the relation between the structure and Kitaev mag-
netism because CrCl3 having Heisenberg interactions un-
dergoes the monoclinic-to-rhombohedral structure trans-
formation at 240 K32,33. In Kitaev materials, Raman
spectroscopy presents a powerful experimental tool as it
probes Majorana fermion density of states5. In addition,
lattice and magnetic excitations can be simultaneously
detected and their mutual couplings can be deduced from
the spectral form of their Raman responses. In the earlier
report, Sandilands et al.19 found Raman spectroscopic
signatures of the fractionalized excitation and Fano res-
onance in α-RuCl3. However, lattice anomalies related
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2to the structural phase transition were not addressed,
thereby disallowing to quantify their influence on mag-
netic excitations.
In this paper, we present a comparative Raman scat-
tering study of α-RuCl3 and its isostructural counterpart
CrCl3. Both compounds are found to undergo first-order
phase transitions from a monoclinic to a rhombohedral
structure. Strikingly, we observe large thermal hysteresis
in the structural transition temperatures only in a case
of α-RuCl3. The wide temperature range with coexisting
phases between 70−170 K enables us to differentiate the
magnetic response of the monoclinic and the rhombohe-
dral structure. The stronger magnetic signal in the rhom-
bohedral phase demonstrates that Kitaev magnetism ac-
companying fractionalized excitations is susceptible to a
small variation of the crystallographic structure.
II. EXPERIMENTAL DETAILS
Single crystals of α-RuCl3 and CrCl3 were synthesized
by a vacuum sublimation method. Commercial RuCl3
and CrCl3 powders (Alfa-Aesar) were thoroughly ground,
and dehydrated in a quartz tube for two days. The sealed
ampoules in vacuum were heated to 1080◦ C for α-RuCl3
and 850◦ C for CrCl3. They are cooled down to 600◦ C at
a rate of 2◦ C/h after staying for 24 hours. The platelike
crystals have a shinny surface with orientation parallel
to the ab plane. The phase purity and the stoichiometric
composition of both α-RuCl3 and CrCl3 were confirmed
by EDX (Electron Dispersive X-ray).
The structural and magnetic properties of α-RuCl3
were characterized by thermodynamic, x-ray and neu-
tron diffraction measurements23,31,34. Compared to the
earlier studies, our crystal shows a single transition at
TN = 6.5 K, the lowest temperature reported so far. As
the multiple transitions are linked to stacking faults of
the RuCl layers, a single transition implies a nearly uni-
form stacking pattern in a low-T region. In addition, our
x-ray measurements unveil a first-order structural phase
transition from the high-T monoclinic to the low-T rhom-
bohedral structure below 60 K.
For Raman experiments, we used the crystals with
dimensions of 3 × 3 × 1 mm3. The samples were in-
stalled into a He-closed cycle cryostat with a tempera-
ture range of T = 8− 300 K. The scattered spectra were
recorded by using a triple spectrometer (Dilor-XY-500)
and a micro-Raman spectrometer (Jobin Yvon LabRam)
equipped with a liquid-nitrogen-cooled CCD (charge cou-
pled detector). The Raman spectra were taken in a
(quasi)backscattering geometry with the excitation line
λ = 532 nm of a Nd:YAG (neodymium-doped yttrium
aluminum garnet) solid-state laser. Heating effects do
not exceed 1 K. We use a Ne-lamp to calibrate the spec-
tral position of the spectrometer.
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FIG. 1: (a),(b),(c) and (d) Comparison of Raman spectra of
CrCl3 at T = 8 and 300 K in (xx), (xy), (RL) and (LL)
polarizations, respectively. Ag(i) and Bg(i) (i = 1 − 6) are
the phonon modes allowed in each polarization. The asterisks
indicate a weak forbidden Ag mode showing up in (xy) and
(RL) polarizations due to a leakage of a polarizer.
III. RESULTS AND DISCUSSION
A. Phonon Raman spectra of CrCl3
In order to elucidate the anomalous structural and
magnetic behaviors of α-RuCl3, we first focus on the sis-
ter compound CrCl3, which undergoes a structural phase
transition from the monoclinic structure (C2/m) to the
rhombohedral structure (R3¯) at TS = 240 K
32,33. Un-
like α-RuCl3, CrCl3 forms a conventional Heisenberg-
type magnet having magnetic ordering at TN = 17 K
and thus its low-energy excitation is given by conven-
tional spin wave without spin fractionalization32.
Figure 1 shows the polarized Raman spectra of CrCl3
measured at T = 8 and 300 K and in the in-plane (xx),
(xy), (RL), and (LL) polarizations. The circular (RL)
and (LL) polarizations correspond to xx−yy−i(xy+yx)
and xx+yy− i(xy−yx) geometries with R = x− iy and
L = x + iy, respectively, allowing probing mainly the
respective Bg and Ag symmetry channel at room tem-
perature. In the high-T monoclinic phase, we observe
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FIG. 2: Temperature dependent Raman spectra of CrCl3
measured upon cooling (a) and heating (b) in (RL) polar-
ization. The yellow bars mark the phonon which is present at
a finite temperature interval.
six Ag phonon modes at 117.4, 166.2, 209, 248.3, 300.4
and 345.3 cm−1 in (xx) and (LL) polarizations and five
Bg modes at 117.4, 166.3, 209, 247.9 and 345.5 cm
−1
in (xy) and (RL) polarizations. The assignment of the
observed phonon modes is based on the factor group
analysis for the C2/m space group, which predicts the
following total irreducible representation for the Raman-
active modes ΓHT = 6Ag(aa, bb, cc, ac)+6Bg(ba, bc). Ac-
cording to the lattice dynamic calculations35,36, the two
209 cm−1 modes in the Bg scattering channel are degen-
erate in energy, leading to one missing Bg phonon. In
addition, the Ag and Bg modes have almost same ener-
gies and thus the polarization dependence does not al-
low an unambiguous identification of the corresponding
modes according to their energies. In the low-T rhom-
bohedral phase the Raman-active modes are factored as
ΓLT = 4Ag(aa, bb, cc) + 4Eg(aa, bb, ab, ac, bc). Here the
Ag (Bg) mode of the high-T phase is correlated with the
Ag (Eg) mode of the low-T phase. The (Ag+Bg) mode
of the high-T phase is transformed into the double de-
generate Eg mode of the low-T phase. As assigned in
Fig. 2, at low temperatures we observe 4Eg modes and
2Ag modes (possibly due to a leakage of a polarizer) in
(RL) polarization37.
To investigate the structural phase transition in CrCl3
in detail, Raman spectra were measured between 300 and
8 K in (RL) polarization for each cooling and warming
cycle. The results are compared in Fig. 2. The advan-
tage of employing the (RL) polarization is the suppres-
sion of low-frequency stray light. As the temperature is
lowered below 240 K, the phonon modes exhibit no dras-
tic changes in energy and intensity. This is due to the
fact that the structural phase transition mainly involves
shearing of the van der Waals bonded layers to change
the relative translation between adjacent layers in the
stacking sequence38. In the monoclinic structure, each
???
???
???
???
???
???
???
???
?????????
??
??????????
??????????
FIG. 3: A sketch of the eigenvectors of the (a) 209, (b) 247.9
and (c) 345.5 cm−1 modes in CrCl3. (d),(e),(f),(g),(h),(i)
Temperature dependence of the frequency and full width at
half maximum (FWHM) of the 209, 247.9 and 345.5 cm−1
modes comparing cooling and warming. The vertical shaded
bars indicate the magnetic and structural transition temper-
atures. The solid lines are fits to the anharmonic model as
described in the text.
adjacent layer is displaced along the a direction while in
the rhombohedral structure, the Cr in one layer is posi-
tioned directly on the center of the honeycomb lattice of
the two neighboring layers. Given this consideration, no
substantial differences are anticipated in intralayer bond
character between the monoclinic and the rhombohedral
phase. We note that the high-T Bg(2) mode disappears
at 200 K (80 K) upon cooling (heating) as marked by
the yellow vertical bars in Fig. 2. This may be due to the
polarizer leakage.
For a quantitative analysis of phonon parameters
in CrCl3, the phonon spectra are fitted to a sum of
Lorentzian profiles. The resulting frequencies and full
width at half maximum (FWHM) for the 209, 247.9 and
345.5 cm−1 Bg modes are plotted in Fig. 3 as a function
of temperature. The errors are smaller than the sym-
bol size. A discontinuous change of the phonon parame-
ters at TS = 240 K indicates the first-order character of
the structural transition. There exists only little thermal
hysteresis between the warming and the cooling cycles.
Examining the phonon anomalies, the temperature de-
pendence of the phonon frequency ω(T ) and the FWHM
Γ(T ) is described in terms of an anharmonic model39;
ω(T ) = ω0 +A[1 + 2/(e
~ω0/2kBT − 1)], (1)
Γ(T ) = Γ0 +B[1 + 2/(e
~ω0/2kBT − 1)]. (2)
Here, ω0 and Γ0 are the bare frequency and the resid-
ual FWHM of the optical mode at T = 0 K, respec-
tively, and A and B are constants. We find discernible
deviations of the experimental data from the fitted curve
on cooling through both TN and TS (see the solid lines
in Fig. 3). As the magnetic order sets in, the phonon
frequency shows an additional increase and the phonon
linewidth an additional drop comparing with the anhar-
monic phonon-phonon estimation. The phonon harden-
ing and narrowing occurring below TN are ascribed to
4magnetoelastic coupling as reported in other Cr-based
van der Waals materials40,41. The spin-phonon coupling
induced anomalies are most pronounced for the 209 cm−1
mode whose frequency and linewidth deviate from the
conventional anharmonic model at T ∼ 70 K. This is
associated with the onset of magnetic correlations devel-
oping at much higher temperatures than TN. The sen-
sitivity of the 209 cm−1 mode to spin-phonon coupling
is rationalized by its normal mode displacement, which
involves the modulation of the Cr-Cl-Cr bond strength
and thus the superexchange interactions between the two
Cr atoms as shown in Fig. 3(a).
In addition to the low-T phonon anomalies in CrCl3,
the abrupt change of the phonon frequency and linewidth
takes place upon cooling through TS. The 247.9 cm
−1
mode shows an appreciable energy drop and line narrow-
ing by about 2 cm−1 while other modes exhibit marginal
changes of the phonon energy and linewidth. As sketched
in Fig. 3(b), the 247.9 cm−1 mode involves the out-of-
phase vibration of Cl atoms mainly in the ab plane and
thus is closely tied to the shearing of the van der Waals
bonded layers. This confirms that the crystallographic
structure transition accompanies mainly a change in the
stacking sequence. The 345.5 cm−1 mode whose eigen-
vectors are sketched in Fig. 3(c) displays the weak anoma-
lies at both TN and TS.
B. Phonon Raman spectra of α-RuCl3
Having established the monoclinic-to-rhombohedral
structure transition in CrCl3, it has to be answered
whether α-RuCl3 undergoes the same type of structural
transformation. Indeed, a x-ray diffraction study of our
crystal exhibits the occurrence of a first-order struc-
ture transition from the monoclinic to the rhombohe-
dral structure with large thermal hysteresis31. In the
following we will employ optical phonons to investigate
a structural transformation and its coupling to magnetic
excitations. For this purpose, we performed the Raman
scattering measurements in the in-plane (RL) and the
out-of-plane (cc) polarizations on cooling and on a sub-
sequent warming run. The (RL) and (cc) polarizations
probe the Bg and Ag symmetry at high temperatures, re-
spectively. The corresponding Raman spectra as a func-
tion of temperature are plotted in Fig. 4.
In (RL) polarization, we observe a total of eight modes
both at room temperature and at T = 8 K as shown
in Figs. 4(a)-(c). Out of them, the six modes at 115.9,
161.3, 221.4, 268,5, 294.8 and 338 cm−1 are assigned to
Bg modes by referring to the polarized Raman spectra
of CrCl3. Noteworthy is that the corresponding phonon
frequencies between CrCl3 and α-RuCl3 differ by only
1−10 cm−1, indicating that the difference in their bond-
ing strengths is not substantial. The 312.4 cm−1 mode
is assigned to the Ag(5) modes since the intense phonon
peak with the same energy shows up in the (cc) polariza-
tion spectra. This mode appears due to a slight tilting of
FIG. 4: (a) A fit of the T = 8 K spectrum to a sum of a Gaus-
sian profile (cyan shaded region), two Fano lines (red and blue
solid lines), and six Lorentzian profiles (colored solid lines).
The red dash line represents the total sum of a fitting. Tem-
perature dependence of the Raman spectra of α-RuCl3 mea-
sured on cooling (b) and heating (c) in the in-plane (RL) po-
larization as well as on cooling (d) and heating (e) in the out-
of-plane (cc) polarization. The yellow bars mark the phonon
which disappears below TS and the green bars indicate the
activated phonons below TS.
the aligned crystal toward the c axis. Noticeably, the low-
frequency 88 cm−1 mode which disappears below 100 K
is not part of the Raman-active modes predicted for the
C2/m space group. For a trigonal P3112 structure, the
factor group analysis yields a total of 34 Raman-active
modes; Γ = 11A1(aa, bb, cc) + 23E(aa, bb, ab, ac, bc). The
large difference of the predicted and observed phonon
modes makes a symmetry reduction to the trigonal struc-
ture improbable. Rather, the extra 88 cm−1 mode may
be ascribed to an infrared-active mode activated by local
distortions and strains.
For temperatures below TS, we observe also a
symmetry-forbidden phonon at 144 cm−1 in (cc) polar-
5FIG. 5: Thermal hysteresis behavior of (a) the frequency, (b)
the FWHM, and (c) the normalized intensity of the 116.4,
163.8, 270, 299.5 and 310 cm−1 modes. The shaded region
indicates the coexistence of the monoclinic and rhombohedral
phase. The arrows indicate the direction of the temperature
sweep.
ization and at 249 cm−1 in (RL) polarization. These
activated phonons arise from reverse-obverse twinning
and chemical disorder in the rhombohedral phase as a
consequence of stacking faults. Usually, local lattice dis-
tortions can activate symmetry-forbidden signals with-
out inducing a global structural change. Thus, the ap-
pearance of the extra phonon modes at both the low-
and high-T phase does not necessarily mean the symme-
try reduction from the low-T rhombohedral and high-T
monoclinic structure, respectively. It is noted that such
activated modes are lacking in CrCl3.
As the temperature is lowered, in the intralayer po-
larization the low-frequency quasielastic response evolves
into the broad continuum and the 116.6 and 163.7 cm−1
modes become asymmetric in their lineshape, typical for
Fano-type coupling between the discrete optical phonons
and the continuum excitation. The respective phonons
become symmetric and the broad continuum is no longer
detectable in the interlayer polarization. The observation
of the broad continuum and Fanon resonance only in the
in-plane polarization is not compatible with a disorder-
induced phonon background. Rather, its specific polar-
ization and temperature dependences demonstrate that
the broad continuum is of magnetic origin and is asso-
ciated with two-dimensional Kitaev magnetism (see the
section III. C).
Shown in Fig. 5 is the frequency, FWHM, and normal-
ized intensity of the 116.4, 163.8, 270, 299.5 and 310 cm−1
modes measured in each cooling and warming procedure.
A drastic change of the phonon parameters is observed
at TS = 70 K on cooling. The transition increases to
a significantly higher temperature TS = 170 K on the
next warming cycle. The thermal hysteresis with width
∆T = 100 K corroborates that the structural transi-
tion is first order42. On cooling through TS, the low-
frequency 116.4 and 163.8 cm−1 modes display a harden-
ing by 1−3 cm−1, a narrowing by 1 cm−1, and a sudden
drop of the normalized intensity. This is contrasted by
the intermediate-frequency 270 and 299.5 cm−1 modes
showing a softening by 3 − 4 cm−1, a narrowing by
3 cm−1, and a strong increase of the normalized intensity.
The 310 cm−1 mode is weakly affected by the structural
change. The disparate impacts of the structural transfor-
mation on the phonon energies, lifetimes, and intensities
imply that the interlayer and intralayer bond characters
change in a different manner through TS, judging from
the fact that the low-frequency modes contain out-of-
phase motions of Ru-Cl-Ru bonds while the intermediate-
frequency modes out-of-phase motions of Cl atoms along
the out-of-plane direction (see below for further discus-
sions).
We recall that for the case of CrCl3, the 248.3 cm
−1
mode exhibits a similar trend of the phonon anomalies
through TS but other modes are largely intact. In ad-
dition, the thermal hysteretic behavior is hardly visi-
ble. This is in stark contrast to α-RuCl3 showing a
wide range of temperatures over which the high- and
low-temperature phases coexist. The large thermal hys-
teresis and the occurrence of the activated phonons in α-
RuCl3 indicate that α-RuCl3 is more vulnerable to stack-
ing faults than CrCl3 possibly due to weaker interlayer
interactions.
C. Spin fractionalization and spin-phonon coupling
Examining the effect of the structural transformation
on a magnetic response, we focus on the magnetic con-
tinuum of α-RuCl3 measured at T = 8 and 300 K
in the (RL), (LL), (xx), and (xy) scattering symme-
tries. The obtained Raman spectra are compared with
respect to polarization in Figs. 6(a)-(d). We observe
a broad magnetic continuum with a residual spectral
weight at low frequencies (marked by color shadings),
which is in accordance with the previous work of Ref.19
with respect to spectral shape and energy range. In
a pure Kitaev system, the continuum excitation orig-
inates from two-Majorana scattering5,20. In the pres-
ence of perturbation terms, however, it is far from clear
to what extent the coherent Majorana fermion con-
tributes to the magnetic continuum. The ratios of spec-
tral weight comparing different polarizations are given by
I(xx):I(xy):I(RL):I(LL)=0.78:0.57:1.0:0.46. A detailed
T -dependence study was made in (RL) polarization cor-
responding to the Eg channel by exploiting the strongest
6FIG. 6: (a),(b),(c),(d) Comparison of the magnetic Raman
spectra among four different (RL), (LL), (xx), and (xy) scat-
tering polarizations measured at T = 8 and 300 K. A magnetic
continuum of each data set is emphasized by a color shading.
The yellow bar marks the phonon which shows the strongest
variation of its intensity with polarization. (e) Comparison of
the T = 100 K Raman spectrum between the warming and
cooling runs. (f) Temperature dependence of the integrated
Raman intensity Imid obtained in the middle energy window
from 40 to 120 cm−1. The shaded area indicates the bosonic
background and the solid red line is a fit to a temperature de-
pendence expected for a two-fermion creation or annihilation
process, [(1 − f(ωf )]2 with the Fermi distribution function
f(ωf ). (g) Thermal hysteresis of the total intensity obtained
by the integration of a magnetic continuum up to 250 cm−1.
intensity of its magnetic continuum. As compared in
Fig. 6(e), we can identify a noticeable difference of the
magnetic continuum between the cooling and warming
runs below 200 cm−1 at T = 100 K, in the coexisting
phase.
To identify the Majorana fermion contribution to the
magnetic continuum, the magnetic Raman intensity in
(RL) polarization is integrated over the middle energy
range of 40 < ω < 120 cm−1 and its temperature depen-
dence Imid(T ) is plotted in Fig. 6(f). In the chosen energy
interval, a calculated magnetic Raman intensity for the
ideal Kitaev honeycomb lattice shows that the scatter-
ing process is dominated by the creation or annihilation
of pairs of Majorana fermions20. As a result, Imid(T ) is
described asymptotically by the two-fermion scattering
form [(1 − f(ωf )]2 with f(ωf ) = 1/(1 + e~ωf/kBT ) and
fermion energy ωf . In a real compound, however, the
bosonic scattering should be invoked because the resid-
ual interactions give rise to incoherent magnetic excita-
tions including correlated magnons. Thus, Imid(T ) is
given by a sum of the Bose factor 1 + n(ωb) = 1/[1 −
exp(−~ωb/kBT )] with ωb = 49 cm−1 and the two-fermion
scattering contribution [(1−f(ωf )]2 with ωf = 42 cm−1.
In this asymptotic formulation, ωb and ωf are associated
with the effective energies of the fermionic and bosonic
excitations. Essentially the same quasiparticle excita-
tions with ωf = 0.62 J(= 80 cm
−1) were extracted from
the numerical Raman intensity integrated over the simi-
lar energy range 0.5J < ω < 1.5J by Nasu et al.20. We
note that the asymptotic [(1− f(ωf )]2 behavior remains
valid under a small variation of the middle frequency win-
dow. Taken together, the magnetic continuum comprises
the coherent Majarana fermions and the incoherent mag-
netic excitations. The observation of the Y-shaped high-
energy dispersive excitation by a recent inelastic neutron
scattering study23 supports this interpretation.
We further calculate the total intensity Itot(T ) by the
integration of the whole magnetic continuum up to 3.5J .
The resulting intensity is plotted in Fig. 6(g) on both
cooling and warming cycles. In contrast to Imid(T ), no
asymptotic form is known for Itot(T ), which contains a
combination of creation and annihilation of multiple Ma-
jorana fermions. Itot(T ) increases with lowering temper-
ature in a monotonic manner. A close inspection reveals
a small but discernible hysteresis: in the temperature in-
terval of coexistence, Itot(T ) is slightly stronger on warm-
ing than cooling. This is a clear manifestation of cou-
pling of the crystal structure to the Kitaev magnetism,
implying that the itinerant Majorana fermions are more
well-defined in the rhombohedral (open squares) than the
monoclinic structure (full triangles). A coupling between
magnetism and lattice structure is a characteristic feature
of strong spin-orbit coupled materials43. In the rhombo-
hedral structure, the three bonds are identical with a
Ru-Cl-Ru angle of nearly 94◦, forming isotropic Kitaev
interactions31. Remarkably, quantum chemistry calcu-
lations27 show that the nearest-neighbor Kitaev interac-
tion K is strongest around this angle while the nearest-
neighbor Heisenberg interaction J is weakest. Thus, the
rhombohedral phase of α-RuCl3 with a large ratio of
| K/J | is close to the 2D Kitaev honeycomb model.
In the monoclinic phase, the bond angles deviate from
94◦ by a few degrees31, rendering the Kitaev interactions
anisotropic and the | K/J | ratio smaller. Consequently,
a small deviation from the 94◦ bond angle tunes the sys-
tem further away from the spin liquid phase.
In the further exploration of the Majorana fermions, we
evaluate the dynamic spin susceptibility from the mag-
netic continuum. For this analysis, we first obtain the Ra-
man response χ′′(ω) from the raw Raman spectra I(ω)
using the relation I(ω) ∝ [1 + n(ω)]χ′′(ω) and, there-
from, we define the Raman conductivity χ′′(ω)/ω. The
temperature dependence of χ′′/ω on cooling is shown
in Fig. 7(a). The Raman conductivity features a pro-
nounced peak at ω = 0. Its amplitude varies strongly
with temperature. Using the Kramers-Kronig relation
χdyn ≡ 2pi
∫∞
0
χ′′(ω)
ω dω, the dynamic spin susceptibility
χdyn is calculated44,45. In doing that, χ′′(ω)/ω was first
extrapolated for frequencies down to 0 cm−1 and then in-
tegrated over the frequency range of 0− 350 cm−1. Fig-
ure 7(b) plots the temperature dependence of χdyn(T )
together with the static magnetic susceptibility χstat(T )
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FIG. 7: (a) Temperature dependence of the Raman conduc-
tivity χ′′/ω on cooling in (RL) polarization. The cyan shad-
ing is a magnetic continuum. (b) Temperature dependence
of the dynamic Raman susceptibility deduced from χ′′/ω us-
ing the Kramers Kronig relation. Temperature dependence
of the static spin susceptibility for µ0H//c is plotted together
for comparison.
for µ0H//c. Both χ
dyn(T ) and χstat(T ) demonstrate a
rapid decrease with appreciable temperature hysteresis
in the phase of coexistence, confirming that the mag-
netism and crystallographic structure are tied to each
other. In the respective temperature interval, χdyn is
larger on warming (open squares; rhombohedral phase)
than on cooling (full triangles; monoclinic phase). Again,
this supports the notion that the itinerant Majorana
fermions are somewhat more pronounced in the rhom-
bohedral than in the monoclinic phase.
A reasonable agreement between χdyn(T ) and
χstat(T ) is found in the temperature interval of 10 −
170 K. Clear deviations are visible in the low-T zigzag
ordered state and the high-T paramagnetic state where
spins are rigid and uncorrelated, respectively. The char-
acteristic temperature T = 170 K may correspond to a
crossover from a simple paramagnet to a Kitaev param-
agnet, at which spins start to be fractionalized to itiner-
ant Majorana fermions due to the development of short-
range spin correlations46. Indeed, the recent inelastic
neutron scattering measurements evidence the emergent
Majorana fermions below 120 − 130 K22,23. We further
note that this crossover temperature coincides with the
structural phase transition temperature on warming. It
is likely to invoke magnetoelastic coupling as its origin.
This is more than a coincidence since in the family of
Cr trihalies crystallographic phase transitions are ob-
served in a similar range of temperatures38. Therefore we
conclude that the interlayer interactions provide a driv-
ing force for stabilizing the high-symmetry rhombohedral
phase at low temperatures.
Optical phonons can provide further information on
the magnetic continuum as it is coupled to discrete lattice
modes. Indeed, the asymmetric lineshape of the 116.6
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???????????????
???????????????
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???
???
???
FIG. 8: A schematic representation of eigenvector of (a) the
116.6 and (b) the 163.7 cm−1 modes of the monoclinic phase.
The amplitude of the vibrations is represented by the arrow
length. Gray balls indicate Ru ions and green balls are Cl
ions. Temperature dependence of (c) the frequency, (d) the
linewidth, (e) the Fano asymmetry 1/ | q |, and (f) the nor-
malized intensity. The thin solid lines are a fit to an anhar-
monic phonon model and the thick solid line is the dynamic
spin susceptibility taken from Fig. 7(b).
and 163.7 cm−1 optical phonons is clear evidence for a
Fano resonance [see Fig. 4(a)]. As sketched in Figs. 8(a)
and 8(b), these low-frequency modes entail out-of-phase
motions of Ru atoms along the a and b axis together
with stretching and bending vibrations of RuCl6 octahe-
dra, respectively. Thus, these lattice vibrations modulate
directly the bonds mediating the Kitaev interaction.
For a quantitative analysis, both phonons are fitted to
a Fano profile, I(ω) = I0(q+)
2/(1+2), where a reduced
energy defined by  = (ω−ω0)/Γ, ω0 is the bare phonon
frequency, Γ is the linewidth, and q is the asymmetry pa-
rameter. In Figs. 8(c)-(g), the resulting frequency shift,
the linewidth, the Fano asymmetry, and the normalized
intensity are summarized for the 163.7 cm−1 mode. The
errors are within a symbol size. The 116.6 cm−1 mode
exhibits the same trend and is thus omitted here.
The temperature dependence of the phonon frequency
is captured by the anharmonic lattice model given by
Eq. (1) except for the small anomaly on warming in the
temperature interval of coexisting phases [see Fig. 8(c)].
As evident from Fig. 8(d), the anharmonicity fails to de-
scribe the linewidth for temperatures below 140 K. The
additional line broadening points towards the existence
of another relaxation channel in addition to anharmonic
phonon processes. Figure 8(f) shows that the Fano asym-
metry parameter 1/ | q | starts to increase progressively
on cooling down below 160 K. A salient feature is that
the Fano asymmetry parameter goes hand in hand with
8the dynamic magnetic susceptibility [compare the solid
line and the symbols in Fig. 8(f)]. This implies that the
Fano lineshape is an indicator of spin fractionalization
to the Majorana quasiparticles. The same observation
is reported for the harmonic-honeycomb iridates β-, and
γ-Li2IrO3
13. The increasing 1/ | q | with decreasing tem-
perature can be translated to a growth of spin fractional-
ization with the onset temperature of 170 K. As shown in
Figs 8(c) and (f), the phonon frequency and its normal-
ized intensity exhibit a detectable hysteric behavior in
the coexisting phase. In contrast, the phonon linewidth
and 1/ | q | do not display a noticeable thermal hys-
teresis. This seemingly contradictory behavior may be
related to an intriguing interplay of two factors in deter-
mining the phonon parameters of the 163.7 cm−1 mode:
(i) the structural modification through TS and (ii) the
slightly different coupling of the phonon to the magnetic
continuum between cooling and warming cycles.
IV. CONCLUSION
To conclude, we have presented a comparative study
of the isostructural Kitaev α-RuCl3 and Heisenberg ma-
terial CrCl3 with view of elucidating the distinct crys-
tallographic and magnetic properties of α-RuCl3. The
compounds both undergo a first-order structural tran-
sition from a high-temperature monoclinic to a low-
temperature rhombohedral phase. The difference is ob-
served in the presence of a large hysteresis of the struc-
tural transitions on cooling and warming only for α-
RuCl3. This structural peculiarity allows differentiat-
ing a magnetic response between the monoclinic and the
rhombohedral phase. In the intermediate temperature
range with coexisting phases the magnetic excitations
are somewhat more pronounced on warming compared
to cooling. Our experimental findings demonstrate that
the rhombohedral structure has a more optimal bond ge-
ometry to host Kitaev magnetism than the monoclinic
structure. Thus, it will be of great interest to inves-
tigate further whether a Kitaev liquid phase can be
achieved through engineering the bond geometry by ap-
plying chemical and hydrostatic pressure in ruthenium
trihalides.
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